Devitrified Al-based and Zr-based amorphous alloy nanocomposites with nanoscale precipitates of element, compound or quasicrystalline particles are regarded as new prospective structural materials with good mechanical properties. In order to analyse the strengthening behaviour of the partially devitrified amorphous nanocomposites, a phase mixture model is presented, in which the partially crystallised Al-based or the Zr-based amorphous alloys is regarded as a nanocomposite of nanoscale particles and the remaining amorphous matrix. Most attention is paid to the change of solute concentration in the matrix. The element, compound or quasicrystalline particles are treated as perfect materials. The matrices are treated as amorphous materials, in which the solute concentrations change depending on the solute concentration and volume fraction of precipitate particles. Investigating the solute concentration changes associated with overall mechanical properties could prove that the phase mixture model can successfully describe the strengthening mechanism in the devitrified Al-based and Zr-based amorphous nanocomposites.
Introduction
Partially devitrified Al-based and Zr-based amorphous alloys are of great interest for their good mechanical properties such as high tensile strength, high bending strength, high Charpy impact toughness and high fatigue strength [1] [2] [3] [4] [5] [6] [7] [8] [9] due to their fine microstructure, termed as nanocomposite. For example, a tensile fracture stress as high as 1560 MPa has been reported in an Al-based nanophase composite.
10) It has also been reported that nonequilibrium Zr-based bulk amorphous alloys in Zr-Al-Ni-Cu and Zr-Al-Ni-Cu-M (M = Ag, Pd, Au, Pt or Nb) systems exhibit high tensile strength of 1700 MPa in amorphous single phase, and a nanocomposite composed of a homogeneous dispersion of nanoscale compound particles within the remaining amorphous matrix can significantly increase the tensile strength up to 4400 MPa and elongation higher than 4%.
2) The Zr-based amorphous alloys have been applied for sporting goods materials. 11) Several different models for the strengthening mechanism in partially devitrified amorphous nanocomposite materials have been proposed. Inoue et al. 2) attributed high strength and good ductility of the bulk nanocrystalline alloy to i) an enhancement of the resistance to shear deformation of the amorphous matrix caused by the nanoscale particle which has a perfect crystal structure with ideal high strength and ii) the effects of amorphous matrix which has a localized deformation mode due to a high density of free volumes, residual compressive stress field and multiple axis stress field. Greer proposed a matrix solute enrichment model 12) which attributed the strengthening of partially or fully devitrified alloys to the solute enrichment of the remaining amorphous phase, and described that hardness of the nanocomposite would be simply that of the glassy matrix. Recently, Kim et al. 13, 14) proposed a phase mixture model in order to describe quantitatively the strengthening behaviour and the ductile-brittle transition behaviour of the partially devitrified Al-Ni-Y amorphous nanocomposites. In the phase mixture model, the partially crystallised amorphous Al-Ni-Y alloy is regarded as a mixture of an amorphous matrix phase with varying solute concentration and a precipitate Al particle phase, and the overall mechanical properties of the mixture are described by the rule of mixtures based on the volume fractions of each phase.
Understanding the strengthening mechanism of the partially devitrified amorphous alloys is very important not only in better development of amorphous alloys but also in developing optimum devitrification processes for the amorphous nanocomposite. However, the validity of the solute concentration model and the phase mixture model is not clear. Hence, it is necessary to elucidate the valid mechanism for the strengthening behaviour of the partially devitrified amorphous nanocomposites by means of other experimental and/or theoretical approaches.
In the present paper, an attempt is made to quantitatively and qualitatively describe the change of mechanical properties of the Al-Ni-Y alloy and the Zr-based alloy systems consisting of amorphous matrices and nanoscale precipitates, using a phase mixture model, in which the materials are regarded as nanophase composites. Figure 1 shows a schematic diagram of the phase mixture model in the partially devitrified amorphous nanocomposites by heat treating the fully amorphous alloy. As heat treatment proceeds, the solute elements diffuse each other and the homogeneous mixing can be obtained. It would not be necessary to consider dislocation motion especially in the case of amorphous and nanocrystalline materials, since there is hardly any dislocations. Therefore, the rule of mixtures, eq. (1), based on the volume fraction of each phase is eligible to describe the effective strength of the mixture. Indeed, the rule of mixtures based on the volume fraction of each phase agrees well with the results of the finite element analysis of the unit cell model, 15) since there is no special interaction between the particles and the matrix except the force and energy balances. The necessary parameters for the analysis are the mechanical strengths and the volume fraction of each phase. The rule of mixtures for the tensile strength σ of the alloy is represented by eq. (1),
Phase Mixture Model
where f is the volume fraction of each phase, and the subscripts am and p represent the amorphous matrix and the nanoscale precipitate particles, respectively. The volume fractions can be measured indirectly from the differential thermal calorimetry curves 16) or directly from the image analysis of the transmission electron micrographs. 17) The nanoscale Al particles can be assumed to have the theoretical maximum strength, since they contain no dislocations or other imperfections 10) and appear to be essentially devoid of solute as previously shown by atom probe field ion microscopy. 18) They can be treated as a perfect material with theoretical strength. From the previous analysis, 13) a theoretical hardness value of nanoscale Al is 7.96 GPa.
The deformation behaviour of the amorphous phase is flow-like, therefore dislocations do not contribute to the deformation behaviour of this material. The main factor determining the mechanical properties of the amorphous matrix is the chemical composition. The strength of the amorphous material with various compositions can be measured from fully amorphous ribbon specimens. The strength of the amorphous matrix was previously measured experimentally for fully amorphous ribbons. According to the results, 16) for a wide range of alloy compositions, the glass formation for AlNi-Y system is in the range of 3 to 22%Y and 4 to 33%Ni, that is about 10 to 50% of solute content. However, above 20% of solute content, the amorphous phase makes the material brittle. 16) In Fig. 2 , the solute concentration dependency of the hardness of fully amorphous Al-Ni-Y alloys [19] [20] [21] [22] and Zr-based alloys 23) measured by other investigators is shown. As the solute concentration of the amorphous matrix increases, the hardness increases. However, above 20% solute content in the Al-Ni-Y alloys, which is the brittle amorphous range, there is no hardness data available in the literature. Hardness of the Al-Ni-Y amorphous alloys increases linearly with solute content according to, eq. (2), in the amorphous formation range, with solute concentration between 0.1 and 0.2.
where C refers to the concentration of each element. The increase of the hardness as a function of solute content in Zr-based amorphous alloy can also be described by a linear relation, see Fig. 2(b) . The composition of the amorphous matrix will change as the volume fraction of the particles increases during microstructural evolution in devitrification. The composition changes of the alloy matrix, e.g. Al-Ni-Y and Zr-Al-CuPd, can be obtained using the following reaction equations, eqs. (3) and (4), respectively. (4) where C and f represent initial concentrations of elements and volume fraction of particles, respectively.
Results and Discussion
Using the phase mixture model shown in the previous chapter, the strengthening behaviour of the Al-Ni-Y and the Zrbased devitrified amorphous nanocomposites with various alloy compositions has been interpreted. Figure 3 shows the solute concentration in the matrix as a function of the volume fractions of particles in (a) the Al-Ni-Y and (b) the ZrAl-Cu-Pd systems. In the Al-Ni-Y alloys, Fig. 3(a) , the 
slowly at first due to the large matrix volume which can accommodate the ejected solute element, and faster during the later stages due to the decreased volume of the amorphous matrix. Figure 3 (b) shows Zr 2 Cu particles embedded in ZrAl-Cu-Pd alloys. In this case, the solute concentration of the remaining amorphous matrix increases or decreases according to eq. (4), when the initial solute concentration is higher or lower than 33.3% (= Cu concentration in the Zr 2 Cu particle), respectively. Figure 4 shows the calculated contributions of the strengthening of the residual amorphous matrix due to solute enrichment and the strengthening due to the precipitation of Al to the total strengthening of Al 85 Ni 10 Y 5 alloys. Since the defectfree Al has higher hardness, 7.9566 GPa, than the amorphous matrix, between 1.96 and 4.9 GPa, the Al contributes more to the total strengthening caused by heat treatment than the remaining amorphous matrix. Although the hardness increase of the amorphous matrix alone by solute enrichment is high, its volume fraction decreases and the overall contribution by solute enrichment f am H am becomes less. It should be noted in Fig. 4 that not only the hardness due to the contribution of the Al precipitate but also that due to the contribution of the remaining amorphous matrix, therefore the overall hardness also, increases almost linearly with the volume fraction of Al precipitate. Figure 5 compares the calculated hardness values and experimental hardness values from the literature [10, 21] as a function of the volume fraction of Al particles for various Albased amorphous alloy compositions. Considering the inaccuracy of the experimental measurements of the volume fraction and the hardness, the uncertainty of the hardness value of Al particle and the inhomogeneity of solute in the matrix, the agreement between the experimental and calculated results is satisfactory. Figure 6 represents experimental hardness data against volume fraction of precipitate in Zr-based bulk amorphous alloys collected from references. The Zr-based bulk amorphous alloys show dramatic results. That is, all of the solute concentration enriching (ZrAlCuPd + Zr 2 (Cu, Pd)) and the solute diluting (ZrAlCuAg + Zr 3 Al 2 ) alloy systems exhibit the strengthening behaviour during devitrification. It should be stressed the phase mixture model predicts strengthening behaviour for all alloys. From the above strong piece of experimental evidence of Zr-based amorphous alloys, the phase mixture model seems to be more valid than the matrix solute enrichment model 12) for the strengthening mechanism of devitrified amorphous nanocomposites.
Conclusions
The mechanical properties of devitrified Al-Ni-Y amorphous alloys and Zr-based bulk amorphous alloys with fine nanoscale precipitate particles embedded in the remaining amorphous matrix have been successfully analysed using the phase mixture model which uses the rule of mixtures based on the volume fraction of each phase. The nanoscale Al particles are treated as a perfect material with a theoretical shear strength. The strength data for the amorphous matrix are taken from the experimental results of the fully amorphous ribbons assuming that the solute composition is constant (as an average value) throughout the matrix. Comparison between the calculated results of the Al-Ni-Y alloys and the experimental results in the literature shows good agreement. The comparison of the hardness variation during the devitrification with the strengthening mechanism models leads to the conclusion that the phase mixture model could explain the increase in hardness of the devitrified nanocomposite of the diluting solute concentration systems of Zr-based amorphous alloy. This model not only explains the experimental results but can also be referred when one selects alloy compositions and heat treatment schedules for the desired properties.
